INTRODUCTION
The question of how cells achieve proper localization of the division plane is a fundamental problem in cell biology. In bacteria, the site of division is defined by the subcellular localization of the tubulin homolog FtsZ, which polymerizes into a ring-like structure (the Z ring) lining the inner face of the cytoplasmic membrane. This cytoskeletal element recruits the other components of the division machinery and also plays a pivotal role in the constriction process (reviewed by Goehring and Beckwith, 2005) . The spatial and temporal regulation of FtsZ assembly is still poorly understood. Most insight has so far been gained from work in Escherichia coli and Bacillus subtilis. There, two mechanisms, namely the Min system and nucleoid occlusion, cooperate in directing Z ring formation to midcell and delaying cell division until the sister chromosomes are segregated. The Min system is based on the proteins MinC and MinD, which form a membrane bound complex that acts as an inhibitor of FtsZ polymerization (de Boer et al., 1989 (de Boer et al., , 1991 Hu et al., 1999) . The localization of MinCD is restricted to the vicinity of the cell poles, thereby leaving only the midcell region available for Z ring assembly. In E. coli, this is achieved by rapid pole-to-pole oscillation of the inhibitor complex, driven by the topological specificity factor MinE (Raskin and de Boer, 1999; Fu et al., 2001; Hale et al., 2001; Hu and Lutkenhaus, 2001) . B. subtilis, in contrast, does not possess a MinE homolog and instead employs the DivIVA protein, which statically tethers MinCD to the poles of the cell (Marston et al., 1998) . Nucleoid occlusion, on the other hand, relies on the observation that cell division is prevented within the cellular regions occupied by the highly condensed bacterial chromosome. This effect is mediated by SlmA in E. coli (Bernhardt and de Boer, 2005) and Noc in B. subtilis (Wu and Errington, 2004) , which bind nonspecifically to chromosomal DNA and concurrently impair FtsZ assembly. In both organisms, the midcell region is blocked by the nucleoid until late in the cell cycle. However, once DNA replication is completed and the sister chromosomes are segregated into the incipient daughter cell compartments, a DNAfree gap is formed at the cell center that allows establishment of the Z ring and formation of the division septum.
The Min system and nucleoid occlusion have served as paradigms for the regulation of bacterial cell division for almost one decade (reviewed by Rothfield et al., 2005) . Recently, however, it has become evident that many bacteria manage to divide properly without using either of these mechanisms. Among them is the a proteobacterium Caulobacter crescentus, which is known for its characteristic biphasic life cycle. During the swarmer phase, the Caulobacter cell is mobile and possesses a single, polar flagellum. At a defined point in the cell cycle, the flagellum is shed and a stalk is formed at the same pole, marking the transition into a sessile lifestyle. After formation of a new flagellum at the pole opposite the stalk, asymmetric cell division yields a new swarmer cell as well as a stalked cell, which immediately enters the next division cycle. In Caulobacter, chromosome replication and segregation are tightly coupled to the morphological changes accompanying cell-cycle progression. A newborn swarmer cell is arrested in a G1-like state and contains a single, quiescent chromosome, with the replication origin positioned at the flagellated pole and the terminus positioned at the pole opposite the flagellum (Jensen and Shapiro, 1999; Viollier et al., 2004) . Upon transition into a stalked cell, the replisome assembles on the origin, and replication is initiated (Jensen et al., 2001) . One of the newly synthesized origin regions stays at the original position, while the second copy rapidly migrates toward the opposite end of the cell (Viollier et al., 2004) in an MreB/actin-dependent manner (Gitai et al., 2005) . As the rest of the chromosome is duplicated, the sister loci are segregated consecutively into the incipient daughter cell compartments (Viollier et al., 2004) . Concurrently, the replisome is slowly displaced toward the division plane such that the terminus region, which is replicated last, is positioned close to the site of constriction (Jensen et al., 2001) .
In Caulobacter, cytokinesis starts shortly after entry into S phase (Quardokus et al., 2001) , when the original chromosome still spans the entire cell. This rules out a role for nucleoid occlusion in determining the cell division site. Moreover, no apparent orthologs of MinC or MinD are encoded in the Caulobacter chromosome (Nierman et al., 2001) . Therefore, we have sought alternative strategies that might be used to direct formation and positioning of the Z ring in this bacterium. Here, we report the identification of a protein, MipZ, that travels with the chromosomal origin region and couples midcell localization of the FtsZ ring with the initiation of chromosome replication and segregation, thereby providing a mechanism to integrate both the temporal and spatial control of cell division in a single regulatory system.
RESULTS
MipZ Is an Essential Protein in C. crescentus A bioinformatic screen for Caulobacter genes that are both cell-cycle regulated (Laub et al., 2000) and conserved among a proteobacteria turned our attention to open reading frame CC2165 (Nierman et al., 2001) , which encodes a previously uncharacterized member of the ParA superfamily of P loop ATPases (Leipe et al., 2002) . Its gene product ( Figure 1A ), now designated MipZ (Midcell positioning of FtsZ), is a 278 residue protein with a predicted molecular mass of 30.8 kDa. Close homologs are found in many a proteobacteria, including the genus Rickettsia, which is known for its highly reduced genome. Moreover, MipZ is distantly related to plasmid-borne and chromosomally encoded ParA-like partitioning proteins and to MinD ($18% identity). Conserved regions are, however, largely restricted to the N-terminal part, clustering around the characteristic deviant Walker A motif (amino acids 13-19 of MipZ) and the Walker B motif (amino acids 110-113 of MipZ), which form parts of the ATP binding pocket ( Figure 1A) .
To understand the function of MipZ, we aimed at introducing an inframe deletion into the mipZ gene. However, mutants could not be obtained unless a complementing copy of mipZ was integrated at the chromosomal xylX locus and expressed under control of the xylose-inducible xylX promoter. This result suggests that mipZ is an essential gene.
Depletion and Overproduction of MipZ Affect Cell Division
Using one of the strains (MT122) resulting from the knockout procedure ( Figure 1B) , the effects of MipZ depletion were investigated ( Figures 1C and 1D ). The cells developed normally as long as the protein was detectable by immunoblot analysis. After 6 hr of depletion, however, the frequency of cell division events started to drop. At the same time, many of the cells that did initiate cytokinesis showed aberrant division patterns, generating elongated stalked cells and miniswarmer cells. As a consequence, a conspicuous increase in average cell length was observed ( Figure S1A ; 8 hr), even though a high number of minicells (12%) were present in the culture. Upon further growth in the absence of MipZ, impaired cytokinesis and irregular division site placement produced cells with a broad spectrum of sizes ( Figure S1A ; 12 hr) and continually increasing mean length. The intracellular level of FtsZ remained largely constant for up to 8 hr after the start of MipZ depletion ( Figure 1C) , suggesting that the cell division defects observed are not a direct result of FtsZ deficiency. Furthermore, they are not likely to result from aberrant chromosome segregation events since both the DNA content and the localization of the replication origin and terminus are normal in cells at the stage of minicell formation ( Figures S1C and S1D) .
To investigate the effects of mipZ overexpression, the mipZ gene was placed under the control of the inducible xylX promoter (P xylX ) and inserted into a high-copy number vector. When overexpression was induced with xylose, the intracellular level of MipZ increased dramatically and reached saturation by 1 hr after induction ( Figure 1E ). At that timepoint, most cells lacked a midcell constriction and many of them were abnormally elongated ( Figure 1F ). Upon further incubation, the average cell length increased exponentially ( Figure S1B ), giving rise to long, smooth filaments. Excess MipZ did not affect the level of FtsZ ( Figure 1E ) or normal progression of DNA replication (data not shown), suggesting that filamentation could be a direct effect of MipZ overproduction. Closer examination of induced cultures revealed that cell division was not completely eliminated but sporadically occurred at the very tips of the main cell body (see Figure S5A ).
MipZ is Subcellularly Localized and Tracks with the Chromosomal Origin Region
To explore the subcellular distribution of MipZ, cells of a strain producing a fully functional MipZ-YFP fusion instead of the wild-type protein (MT97) were observed by fluorescence microscopy as they progressed synchronously through the cell cycle ( Figure 2A ). In swarmer cells (n > 300), MipZ-YFP was consistently detected at the flagellated pole. After transition to a stalked cell, the protein localized to both poles, and this pattern was maintained until the cells divided, giving rise to new swarmer cells with MipZ-YFP located at the flagellated pole and stalked cells with MipZ-YFP located at the stalked pole.
The localization pattern of MipZ parallels that described for the chromosomal origin of replication (Cori) (Jensen and Shapiro, 1999; Viollier et al., 2004) , suggesting that MipZ might interact with the chromosome rather than with the polar regions of the cell. This idea was supported by the observation that MipZ disappeared from the tips of the cell and colocalized with Cori in a mutant strain whose origin regions were no longer attached to the cell poles ( Figure S2 ). To corroborate this result, MipZ-YFP and Cori (labeled with a tandem array of lac operator sites bound to a lac repressor-CFP fusion) were followed during the initial stage of chromosome segregation, when the origin regions are replicated and immediately separated from each other ( Figure 2B ). In all cells investigated (n > 1000), both Cori and MipZ-YFP were initially localized at the incipient stalked pole of the cell. At the onset of S phase, the origin regions were duplicated and the daughter duplexes were rapidly segregated, one of them staying at the stalked pole and the other one traversing the cell to assume its final position at the opposite pole. Throughout this process, MipZ-YFP migrated consistently with Cori, but the origin focus was often found to trail slightly behind the moving front of the MipZ-YFP signal, indicating that the site of MipZ binding is somewhat distal from and segregated ahead of Cori.
MipZ Interacts with the Chromosome Partitioning Protein ParB In Vivo
In Caulobacter, the DNA-partitioning protein ParB binds to a cluster of conserved sites (parS) located 5-10 kb away from Cori (Easter and Gober, 2002; Mohl and Gober, 1997) . Immunofluorescence microscopy revealed that ParB and the origin region indeed occupy the same positions in the cell and exhibit comparable cell-cycle-dependent (B) Construction of strain MT122. The region indicated by a white box was deleted from the endogenous mipZ gene, and a copy of mipZ was inserted at the chromosomal xylX locus downstream of the P xylX promoter. (C) Levels of MipZ and FtsZ during the course of MipZ depletion. Cells of strain MT122 (DmipZ, P xylX -mipZ) were transferred into xylose-free medium (t = 0 hr). At the indicated timepoints, samples were taken and subjected to immunoblot analysis. (D) Morphological changes induced by MipZ depletion. Cells from the samples described in (C) were visualized by differential interference contrast (DIC) microscopy. The white arrows point to minicells resulting from misplacement of the division plane. (E) Levels of MipZ and FtsZ in cells overproducing MipZ. Strain CB15N bearing pMT182 was induced to overproduce MipZ (t = 0 hr), and cultivation was continued for another 8 hr. Samples were taken at the indicated timepoints and analyzed by immunoblotting. (F) Morphological changes induced by MipZ overproduction. Cells from the samples described in (E) were visualized by DIC microscopy. localization patterns (Figge et al., 2003; Mohl et al., 2001) , suggesting that localization of MipZ to the origin region could be mediated by interaction with the ParB protein.
To investigate this possibility, we first analyzed the dynamics of ParB localization in individual live cells, using a strain whose wild-type parB gene was replaced by a gfp-parB fusion (MT174). In swarmer cells (n = 190), the hybrid protein was consistently detected as a single focus at the flagellated pole ( Figure 3A ). After entry into S phase, a second fluorescent spot emerged, which was frequently found in proximity to the original focus before it adopted its final position at the opposite pole. The resulting bipolar distribution was maintained until the cells divided, producing swarmer and stalked siblings that displayed a single fluorescent spot at their flagellated and stalked poles, respectively. Thus, ParB exhibits a similar localization pattern as the origin of replication (Jensen and Shapiro, 1999) and MipZ ( Figure 2A ).
To confirm colocalization of MipZ with ParB, fluorescent derivatives of the two proteins (MipZ-YFP and CFP-ParB) were visualized simultaneously in cells transitioning from G 1 into S phase ( Figure 3B and Movie S1). Initially, both fusion proteins formed single foci that localized to the flagellated pole of the swarmer cell. Upon duplication of the origin region, each of these foci split into two distinct spots, one of which moved rapidly toward the opposite end of the cell. Throughout this process, the moving front of the MipZ-YFP signal coincided consistently with the CFP-ParB focus, and the same result was obtained for all several hundred cells investigated. This suggests that the two proteins track with the same chromosomal site(s).
The requirement of ParB for MipZ positioning was tested by following the subcellular distribution of a MipZ-YFP fusion under conditions of ParB depletion. Decreasing ParB levels ( Figure 3C ) initially resulted in slight elongation of the cells and the occurrence of fluorescent spots at nonpolar subcellular positions ( Figure 3D ; 8 hr), thus confirming the previous observation that depletion of ParB causes filamentous growth and mislocalization of the origin regions (Figge et al., 2003; Mohl et al., 2001) . At the same time, the MipZ-YFP signals became noticeably fuzzy and irregular. At later stages, when ParB was virtually undetectable by immunoblot analysis, MipZ-YFP was evenly distributed throughout the cytoplasm (Figures 3C and 3D; 14 hr) , suggesting that ParB is essential for localization of MipZ to the origin regions. This conclusion is supported by the observation that reinduction of ParB synthesis after 16 hr of depletion re-established visible MipZ foci in 95% (62 out of 65) of the cells within a period of only 30 min (data not shown).
To verify that MipZ directly interacts with ParB, the ParBMipZ complex was reconstituted heterologously in E. coli, which neither possesses a close homolog of MipZ nor a ParAB-dependent chromosome partitioning system or potential ParB binding sites that could interfere with the analysis (Blattner et al., 1997) . For this purpose, the three compatible plasmids pMT302, pMT329, and pMT370 ( Figure 3E ) were transferred into E. coli. The resulting strain was then induced with different combinations of inducers and analyzed by fluorescence microscopy (n > 150 per condition). Cells only induced with aTet exclusively synthesized CFP-ParB, which was found to assemble into well-defined foci ( Figure 3F ). With arabinose as the sole inducer, by contrast, only YFP-MipZ and LacImRFP1 were produced. Whereas YFP-MipZ was evenly distributed throughout the cytoplasm, LacI-mRFP1 interacted with the lacO n array on pMT302, forming one or several fluorescent foci per cell, which revealed the subcellular positions of the plasmid copies. Upon addition of both inducers, all three fusion proteins were synthesized. Under these conditions, CFP-ParB formed distinct foci that colocalized with the plasmid bound LacI-mRFP1 fusion, indicating a specific interaction with the parS sites on pMT302. Furthermore, YFP-MipZ formed tight foci that perfectly colocalized with the two other fusion proteins. This observation indicates that CFP-ParB interacts with YFP-MipZ, thereby directing YFP-MipZ to the subcellular position occupied by the parS cluster. In agreement with this, neither CFP-ParB nor YFP-MipZ could form localized complexes in a control strain bearing a pMT302-derived plasmid (pMT310) that lacked the parS sites.
MipZ Forms a Complex with ParB In Vitro
Plasmon surface resonance was used to investigate the interaction between MipZ and ParB in vitro. We first established formation of the binary ParBparS and MipZParB complexes and determined apparent dissociation constants of 164 nM and 1.55 mM, respectively ( Figure S4 ). To approximate the in vivo conditions, we then went on to follow the interaction of MipZ with ParB bound to an immobilized parS duplex. Different amounts of ParBparS complexes were assembled on the chip surface and probed with a fixed concentration of MipZ ( Figure 3G ). Injection of MipZ resulted in a response that was proportional to the amount of ParB prebound to the chip surface. No such signal was obtained if buffer was injected instead of MipZ or if the immobilized parS duplex was probed with MipZ in the absence of ParB (data not shown). Together, these observations strongly support a direct interaction of MipZ with ParB, resulting in the formation of a ternary MipZParBparS complex.
This conclusion was supported with an electrophoretic mobility shift assay. If a parS duplex was mixed with ParB only, a single shifted band was observed ( Figure 3H , lane 2), indicating association of ParB with its target site. Addition of MipZ produced a second, more slowly migrating complex whose abundance increased with increasing concentrations of MipZ, concomitant with a substantial drop in the amount of free parS ( Figure 3H , lanes 3-5). This newly formed complex was absent if MipZ was substituted with an equal amount of bovine serum albumin (BSA) ( Figure 3H , lane 6). Moreover, MipZ showed no effect on the mobility of the parS duplex in reactions lacking ParB ( Figure 3H , lane 7), indicating that the protein specifically interacts with the ParBparS complex. Interestingly, the affinity of ParB for its DNA binding site is considerably higher in the presence of MipZ, suggesting cooperativity in the binding process.
ATPase Activity Is Essential for the Localization and Function of MipZ
The presence of Walker motifs suggests the involvement of nucleotide binding and hydrolysis in the function of MipZ. ATPase assays revealed that the protein in fact hydrolyzes ATP with a turnover rate (k cat ) of 0.30 min À1 (Figure 4A ). Substitution of Asp42 with alanine (D42A; see Figure 1A ) reduced the intrinsic ATPase activity by about 9-fold (k cat = 0.034 min À1 ), confirming the previously reported pivotal role of the residue corresponding to Asp42 in the catalytic mechanism of ParA-type ATPases (Leonard et al., 2005) .
To enlighten the physiological significance of MipZ's ATPase activity, we compared cells in which the wildtype MipZ protein had been depleted and replaced by a MipZ D42A -YFP fusion or nonmutated MipZ-YFP, respectively ( Figures 4B and 4C ). Cells producing MipZ-YFP exhibited regular morphology, with the fusion protein showing the characteristic uni-or bipolar localization pattern. MipZ D42A -YFP, by contrast, had lost the ability to form distinct, origin bound complexes and was distributed throughout the cytoplasm. Thus, ATP hydrolysis is essential for proper localization of MipZ. Interestingly, synthesis of the mutant protein caused the same morphological defects as MipZ overproduction (compare Figure 1F) , giving rise to smooth filamentous cells that sporadically shed their stalks and released small vesicles from their flagellated pole ( Figure S5A ). The same phenotype was observed when a mipZ D42A allele lacking the yfp fusion partner was integrated at the xylX locus of wild-type strain CB15N and expressed in addition to the endogenous mipZ gene, whereas comparable expression of a second copy of wild-type mipZ did not cause any apparent defects (data not shown). This result indicates that MipZ D42A represents a dominant, hyperactive form of MipZ.
The subcellular distribution of MipZ-YFP and MipZ D42A -YFP was assessed quantitatively by measuring fluorescence intensity profiles ( Figure S5B ). The curves obtained show that wild-type MipZ-YFP exhibits a highly symmetric distribution. Its concentration peaks close to the poles and declines hyperbolically toward midcell, describing a concave curve with a well-defined minimum at the cell center. The mutant form, by contrast, is on average evenly distributed in the cytoplasm. For a more detailed analysis, the fluorescence profiles of MipZ-YFP and GFP-ParB were compared in synchronized cells shortly after segregation of the origin regions ( Figure 4D ). It appeared that GFPParB is concentrated at the cell poles into tight, symmetric foci whose intensity maxima coincide with the maxima of the MipZ-YFP signal. However, MipZ-YFP fluorescence spreads significantly farther toward midcell, resulting in a comet tail-like haze that extends from the poles to the cell center. Together, these analyses show that MipZ establishes an intracellular gradient whose maintenance necessitates both the origin bound ParB complex and ATP hydrolysis by MipZ.
The Dynamics of FtsZ Positioning during the Cell Cycle Changes in the level of MipZ and impairment of its ATPase activity strongly interfere with cell division, suggesting that MipZ could play a role in the division process. In Caulobacter, formation of the FtsZ ring occurs at the beginning of S phase (Quardokus et al., 2001; Quardokus and Brun, 2002) , coincidant with the segregation of the newly replicated origin regions and the establishment of a MipZ concentration minimum at midcell. MipZ could, therefore, act as a spatial regulator that directs FtsZ away from the poles and thereby promotes its polymerization close to the cell center.
To test this hypothesis, we followed the positioning of FtsZ in synchronized live cells, using an ftsZ-yfp fusion that was expressed under the control of a vanillate-inducible promoter (P vanA ). As observed for other bacteria (Ma et al., 1996) , FtsZ-YFP did not support cell division in the absence of the wild-type protein (data not shown), but it efficiently integrated into the structures formed by native FtsZ, thereby allowing their detection by fluorescence microscopy. Under the conditions used in this study, only trace amounts of FtsZ-YFP were synthesized ( Figure S6 ), and no effect on cell growth or morphology was observed. In swarmer cells (n > 200), FtsZ-YFP consistently formed a well-defined focus at the pole opposite the flagellum ( Figure 5A ). Entry into S phase then triggered a rapid shift of FtsZ toward midcell, where it polymerized into a dynamic, arc-or spiral-like structure that erratically shuttled around the future division site (data not shown), reminiscent of the rapidly moving FtsZ spirals reported for other bacteria (Ben-Yehuda and Losick, 2002; Thanedar and Margolin, 2004) . Shortly before indentation of the cell envelope, however, it condensed into a stable ring, which typically appeared as a band or two adjacent spots located at the division plane. This localization was maintained until the cells divided, giving rise to siblings that each displayed a fluorescent spot at the pole emerging from the previous division. In the stalked progeny cell, the fusion protein rapidly moved toward the cell center again, while swarmer cells showed a distinct lag before initiating formation of a new divisome.
Previous work suggested a position of FtsZ at the flagellated pole of the swarmer cell, based on immunogold labeling of fixed specimens (Quardokus et al., 2001) . To verify our in vivo data, which positioned FtsZ at the pole opposite the flagellum, and to exclude artifacts due to the limited functionality of the FtsZ-YFP fusion used in our study, we constructed a functional derivative of FtsZ (FtsZ 4C ) that contained an internal tetracysteine tag and thus could be specifically labeled with the fluorescent biarsenical dye FlAsH (Martin et al., 2005) . Swarmer cells of a strain (MT227) whose wild-type copy of ftsZ was replaced by the complementing ftsZ 4C allele were incubated with the dye and visualized by fluorescence microscopy ( Figure 5B ). Due to the small amount of FtsZ present at the beginning of the cell cycle and the high background signal resulting from this labeling method in Caulobacter, only about 33% (86 out of 261) of the cells exhibited a detectable focus. In 100% of these cells, however, the signal was found at a polar position. To determine the nature of the pole, the cells were allowed to proceed through their developmental program until a clear stalk was visible. This analysis showed that the FtsZ foci observed in the swarmer cells were exclusively positioned at the pole opposite the flagellum. (C) Change of ParB levels during the course of ParB depletion. Cells of strain MT148 (mipZ-yfp, DparB, P xylX -parB) were grown in M2G medium containing 0.3% xylose, washed, and resuspended in M2G medium lacking the inducer (t = 0 hr). At the indicated timepoints, cells were withdrawn and subjected to immunoblot analysis using antiserum raised against ParB. (D) Delocalization of MipZ-YFP upon ParB depletion. Cells from the samples described in (C) were visualized by DIC and fluorescence microscopy. (E) Schematic representation of the plasmids used for analyzing the interaction between MipZ and ParB in the heterologous E. coli system. Shown are parS, a chromosomal fragment containing the parS cluster; (lacO) n , an array of lacO sites; P ara , an arabinose-inducible promoter; P tet , an aTet-inducible promoter. (F) Heterologous reconstitution of the MipZParBparS complex. E. coli STBL2 was transformed with pMT370, pMT329, and pMT302 (+ parS) or with pMT370, pMT329, and pMT310 (À parS) and induced for 1 hr with anhydrotetracyclin (12 nM, + aTet), arabinose (0.16%, + ara), or a combination thereof (+ aTet/ara). Overlays of phase contrast and fluorescence micrographs are shown. (G) Surface plasmon resonance analysis of the interaction of MipZ with a ParBparS complex. A parS-containing DNA duplex was immobilized on the sensor chip, and ParB was injected at concentrations of 125, 250, and 500 nM, respectively. Each of these injections was followed by second injection, using purified MipZ (see Figure S3 ) at a constant concentration of 500 nM. No positive response was observed upon injection of MipZ in the absence of ParB (data not shown). These measurements were performed in quadruplicate, and consistent results were obtained throughout. (H) Mobility shift assay. A double-stranded oligonucleotide containing a parS site (100 nM) was incubated without any additives (lane 1); with 6 mM ParB (lane 2); with 6 mM ParB and 1, 4, or 8 mM MipZ (lanes 3-5); with 6 mM ParB and 8 mM BSA (lane 6); or with 8 mM MipZ alone (lane 7). Subsequently, unbound parS and parSprotein complexes were separated in a nondenaturing gel and visualized.
MipZ Affects Assembly and Positioning of FtsZ
To determine whether excess MipZ causes filamentous growth (compare Figure 1F ) by affecting FtsZ positioning or assembly, overproduction of MipZ was induced in synchronized cells that had been allowed to progress through the cell cycle until Z rings had formed ( Figure 5C ; 60 min). Already by 20 min after induction, the rings had disappeared in >98% (n = 465) of the cells, and FtsZ was found dispersed in the cytoplasm and at the cell poles ( Figure 5C ; 80 min). As a consequence, the cells failed to constrict and started to form filaments. The rapidity of this effect suggests that overproduction of MipZ directly interferes with FtsZ assembly, thereby causing disintegration of the preformed Z rings. The presence of polar FtsZ foci might, further, explain the sporadic polar division events observed in cells overproducing MipZ. Very similar effects were seen upon low-level synthesis of the mutant MipZ D42A protein ( Figure S7 ). Interestingly, both MipZ D42A -YFP ( Figure 4B ) and overproduced GFP-MipZ ( Figure S8 ) lack the typical uni-or bipolar localization observed under wild-type conditions and appear evenly distributed in the cell. The establishment of a MipZ-free region at midcell might thus be a prerequisite for proper FtsZ ring formation.
Next, the subcellular localization of FtsZ was studied under conditions of MipZ depletion ( Figure 5D ). Four hours after synthesis of MipZ was inactivated, the localization pattern of FtsZ started to change, and many predivisional cells displayed Z rings that were accompanied by additional scattered spots. Two hours later, aberrant placement of the division site and the first signs of filamentous growth were observed ( Figure 5D ; 6 hr). Concomitantly, FtsZ was found in multiple spots that were distributed throughout the cytoplasm. Apparently, these structures were mostly unable to establish functional divisomes. . Protein (6 mM) was incubated with 1 mM ATP, and the generation of ADP was followed. A mixture lacking protein was used as a control. Data represent the average of at least three independent experiments (± SD). (B) Effect of impaired ATPase activity on MipZ localization and cell morphology. Strains MT177 (DmipZ, P nrtX -mipZ, P xylX -mipZ-yfp) (WT) and MT197 (DmipZ, P nrtX -mipZ, P xylX -mipZ D42A -yfp) (D42A) were depleted of wild-type MipZ and induced to synthesize the fluorescent protein fusions for 8 hr. Subsequently, the cells were visualized by DIC and fluorescence microscopy. (C) At the beginning of the experiment described in (B) (t = 0 hr) and immediately before microscopy (t = 8 hr), strain MT177 was analyzed by immunoblotting using anti-MipZ antiserum. An identical expression pattern was obtained for strain MT197 (data not shown). (D) Intracellular gradient formed by MipZ. Swarmer cells of strains MT97 (mipZ-yfp) and MT174 (gfp-parB) were transferred into M2G medium and incubated for 75 min. After imaging by fluorescence microscopy, fluorescence intensity profiles were determined for 125 (MT97) and 81 (MT174) cells, respectively, and averaged. The profiles obtained for the two strains were normalized and the data were plotted for the stalked cell half of the cells. Very similar curves were obtained for the incipient swarmer cell compartment.
Figure 5. Localization of FtsZ in Wild-Type Cells and under Conditions of MipZ Overexpression and Depletion
(A) Cell cycle-dependent localization of FtsZ. Strain MT196 (P vanA -ftsZ-yfp) was grown in M2G medium and induced for 1 hr with 0.5 mM vanillate. Swarmer cells were isolated, transferred onto an agarose pad (t = 0 min), and imaged at 30 min intervals using DIC and fluorescence microscopy. (B) Localization of tetracysteine-tagged FtsZ in swarmer cells. Swarmer cells of strain MT227 (ftsZ 4C ) were treated with FlAsH, transferred onto an agarose pad, and visualized by DIC and fluorescence microscopy, respectively. After progression to the late predivisonal stage, the cells were imaged again using phase contrast microscopy (PC) to determine the position of the newly grown stalk. The arrows point to the FlAsH-labeled FtsZ focus and the stalk, respectively. The schematic indicates the insertion site (after residue 373 of FtsZ) of the tetracysteine tag sequence. (C) Disassembly of Z rings by overexpression of MipZ. Swarmer cells of strain MT196/pMT182 producing FtsZ-YFP were transferred into fresh medium and incubated for 60 min. Subsequently, overexpression of MipZ was induced. Cells were withdrawn at the indicated timepoints and imaged using DIC and fluorescence microscopy. (D) Delocalization of FtsZ upon MipZ depletion. Cells of strain MT203 (DmipZ, P xylX -mipZ, P vanAftsZ-yfp) were transferred into xylose-free medium. After 3, 5, or 9 hr of depletion, synthesis of FtsZ-YFP was induced for 1 hr, and the cells were imaged using DIC and fluorescence microscopy. The left panel (t = 0 hr) shows the localization of FtsZ-YFP in cells growing in the presence of xylose. Aberrant division sites close to a cell pole are indicated by arrows.
Occasionally, however, one of them managed to initiate cell division, triggering the formation of a minicell if positioned close to a cell pole. Further growth without MipZ generated long filaments containing numerous FtsZ foci that were irregularly distributed within the cell ( Figure 5D ; 10 hr). A similar accumulation of nonfunctional FtsZ complexes has been observed in E. coli and B. subtilis after inactivation of the Min system (Yu and Margolin, 1999) or both the Min and nucleoid occlusion systems (Wu and Errington, 2004; Bernhardt and de Boer, 2005) . These findings demonstrate that the presence of MipZ is essential for the establishment of a single, functional FtsZ ring in the midcell region.
MipZ Is a Spatial Regulator Coupling Z Ring Formation to Origin Segregation
The observation that Z ring formation is prevented by excess MipZ, whereas FtsZ complexes are observed throughout the cell in the absence of MipZ, suggests that MipZ might have an inhibitory effect on FtsZ polymerization. In order to examine this possibility, the positional interplay between FtsZ and the MipZParB complex was followed during the course of origin segregation, using a strain (MT198) that expressed both an ftsZ-yfp and a cfp-parB fusion ( Figure 6A and Movie S2). Before entry into S phase, CFP-ParB was positioned at the incipient stalked pole, while FtsZ-YFP was located at the opposite end of the cell. As chromosome replication was initiated, the CFP-ParB focus split into two independent foci, one of which moved rapidly away toward the opposite pole of the cell. FtsZ-YFP retained its polar position throughout the process of origin segregation. As soon as the approaching MipZParB complex reached the pole, however, FtsZ-YFP was displaced and instantaneously shifted toward midcell. Analysis of 244 individual cells showed that the Z ring never formed before CFP-ParB assumed its final polar position. On the other hand, relocation of FtsZ was observed in 70% of the cells within 4 min (as in the upper cell shown in Figure 6A ) and in 30% of the cells within 8 min (as in the middle cell shown in Figure 6A ) after arrival of the MipZParB complex at the cell pole. These results suggest that the MipZParB complex is directly involved in displacing FtsZ from the pole and thus triggering its accumulation at the midcell.
Further support for this idea came from the analysis of FtsZ positioning in cells with aberrant origin segregation patterns. In wild-type populations, a small number of cells (< 0.5%) consistently fail to separate the newly synthesized origin regions immediately after replication (Figure 6B and Movie S3) . As a consequence, both sister duplexes are initially moved toward the pole opposite the stalk. However, once cohesion is released, one of the copies returns to its original position at the stalked pole, thereby establishing the normal bipolar localization pattern of Cori. Other cells (<0.5% of the population) initially separate the origin regions normally, but the Cori copy positioned at the pole opposite the stalked pole is not tightly anchored and eventually starts to move back to the stalked pole ( Figure 6C and Movie S4). Before reaching the end of the cell, however, its motion is reversed so that it finally returns to the starting point. These abnormalities are observable independent of whether MipZ-YFP, CFPParB, or a lacO n array decorated with LacI-CFP is used to visualize the subcellular position of the origin regions (data not shown). In all cases, FtsZ-YFP consistently localizes to a position that is farthest from the origin bound MipZParB complex(es) and therefore exhibits the lowest concentration of MipZ, suggesting that the MipZParB complex directly prevents the polymerization of FtsZ within the subcellular region it occupies.
ParB Interacts with Two Functionally Distinct ParA-like ATPases Like most other bacteria, Caulobacter possesses a homolog of the plasmid partitioning ATPase ParA, which was shown to interact with ParB and function in chromosome segregation (Mohl and Gober, 1997; Easter and Gober, 2002) . ParA has previously been implicated in the regulation of FtsZ ring formation, mainly based on the fact that its overproduction leads to a considerable decrease in the frequency of FtsZ rings and, accordingly, to filamentous growth (Mohl et al., 2001 ). However, if overproduction of ParA was induced in synchronized cells after segregation of the origin regions and formation of the Z ring, the localization pattern of FtsZ remained unaffected, and the cells continued to progress orderly through the cell cycle, completing cytokinesis after about 120 min of growth (data not shown). During the subsequent round of chromosome replication, however, essentially all of the cells failed to properly segregate the newly duplicated origin regions, thereby placing the copy destined for the pole opposite the stalked pole at a significant distance from the tip of the cell ( Figure 6D ). In this case, too, FtsZ-YFP was always found in the subcellular regions that were farthest from the CFPParB foci: if both origin regions resided near the stalked pole, the protein retained its initial position at the opposite pole. On the other hand, whenever one of the CFP-ParB foci was within reach of the pole opposite the stalked pole, some FtsZ-YFP was displaced from its polar position and formed a second spot about halfway between the two MipZParB complexes. Upon further growth, most cells failed to divide and developed into filaments that accumulated CFP-ParB foci in the area of the stalked pole, while FtsZ-YFP remained largely restricted to the region close to the opposite pole (data not shown). These results suggest that overproduction of ParA primarily causes aberrant segregation of the origin regions, while inhibition of cytokinesis is a secondary effect based on MipZ-mediated sequestration of FtsZ at the pole opposite the stalk.
MipZ Inhibits FtsZ Polymerization In Vitro
To validate the conclusions drawn from the cell biological approaches, the capability of MipZ to interfere with FtsZ assembly was tested in a purified system. For this purpose, Caulobacter FtsZ and a hexahistidine-tagged form of MipZ were isolated and used for in vitro polymerization assays. As observed in other systems (Mukherjee and Lutkenhaus, 1998) , addition of GTP initiated the in vitro assembly of FtsZ into macromolecular complexes that could readily be separated from the reaction mixture by ultracentrifugation. ATP, by contrast, lacked the ability to stimulate FtsZ polymerization ( Figure 7A ). Addition of increasing amounts of MipZ caused a significant decrease in the sedimentation efficiency of FtsZ ( Figure 7B ). At a 4-fold molar excess of MipZ, the amount of FtsZ retained in the pellet was reduced to 33% ( Figure 7B ; lane 6). Under the same conditions, MipZ was recovered in the pellet fraction to a 5-fold higher extent than in the absence of FtsZ (Figure 7B ; lane 1), indicating that MipZ cosediments with the remaining FtsZ polymers. No such increase in the yield of pelleted MipZ was observed, however, if FtsZ was replaced with an equimolar amount of bovine serum albumin (data not shown). These data indicate that MipZ specifically interacts with FtsZ, thereby directly interfering with FtsZ polymerization.
The inhibitory activity of MipZ on FtsZ assembly was supported by visualizing FtsZ polymerization using electron microscopy. In agreement with the above results, no ordered structures were observed if FtsZ was incubated in buffer lacking GTP (data not shown). In the presence of GTP, on the other hand, FtsZ assembled into an extensive network of long, predominantly straight polymers that consisted of 2-4 collateral protofilaments ( Figure 7C ; panels a and c). Very similar patterns were obtained with FtsZ concentrations in the range of 2-6 mM and incubation times ranging from 5-60 min (data not shown). However, if an equimolar amount of MipZ was included in the reactions, these characteristic structures were essentially undetectable ( Figure 7C ; panels b and d). Instead, FtsZ formed a large number of isolated, short, and highly curved polymers, which were randomly scattered on the grid. The architecture of these filaments was not clearly resolved under the conditions used, but their dimensions suggest a composition of one or two individual protofilaments. Figure S3 ) was incubated in the presence of either 1 mM ATP (lane 1) or 2 mM GTP (lane 2). After ultracentrifugtion, pelleted proteins were separated by gel electrophoresis and stained. (B) Reduced sedimentation of FtsZ in the presence of MipZ. FtsZ (0 or 3 mM) was incubated for 15 min in the presence of 2 mM GTP, 1 mM ATP, and increasing amounts of MipZ. The samples were subsequently processed as described in (A). The relative amounts of pelleted FtsZ (in percent of the maximum value) are given on top of the scanned gel. The MipZ concentrations used (from lane 1-6) were 12, 0, 1.5, 3, 6, and 12 mM. (C) Effect of MipZ on the structure of FtsZ polymers. FtsZ (3 mM) was incubated for 30 min with 2 mM GTP and 1 mM ATP in the absence (À) or presence (+) of 3 mM MipZ. Subsequently, the mixtures were applied to carbon-coated grids. The proteins were stained and examined by transmission electon microscopy at 125,000-fold (panels a and b) or 250,000-fold (panels c and d) magnification. (D) Stimulation of the GTPase activity of FtsZ by MipZ. FtsZ (3 mM) was incubated with 2 mM GTP and 1 mM ATP in the presence of 0, 1.5, 3, and 6 mM MipZ, respectively, and the generation of GDP was followed. A reaction mixture containing 6 mM MipZ and no FtsZ was used as a control. (E) ATP dependence of the stimulatory effect of MipZ. FtsZ (3 mM) was incubated with 2 mM GTP in the absence or presence of 6 mM MipZ and/or 1 mM ATP, respectively. At the indicated timepoints, the amount of GDP generated was determined. (F) Dispensability of ATP hydrolysis for the stimulation of FtsZ's GTPase activity by MipZ. FtsZ (3 mM) was incubated with 2 mM GTP and 6 mM MipZ (WT) or MipZ D42A (D42A) in the absence (À) or presence (+) of 1 mM ATP or ATPgS. Samples were taken at regular intervals and used to determine the amount of GDP generated. The data shown in panels (D), (E), and (F) represent the average of at least three independent experiments (± SD), respectively.
The still considerable size of these assemblies might explain the moderate effect of MipZ seen in the pelleting assay (compare Figure 7B) . Purified ParB or bovine serum albumin, by contrast, did not affect the polymerization pattern of FtsZ (data not shown), suggesting that the curved FtsZ filaments observed are specifically induced by MipZ. Interestingly, this effect appeared to be ATP dependent because reactions lacking the nucleotide still produced a significant number of straight protofilament bundles. However, the degree of bundling and the length of the straight polymer sections were noticeably reduced ( Figure S9) . A very similar overall behavior was observed for MipZ D42A when tested in these assays. Incubation of MipZ or MipZ D42A in the absence of FtsZ, by contrast, did not yield any apparent structures (data not shown).
The bent FtsZ polymers induced by MipZ are reminiscent of the curled structures formed by GDP bound tubulin at the depolymerizing ends of microtubules (Tran et al., 1997 ). Accordingly, we tested whether MipZ acts by stimulating the GTPase activity of FtsZ, converting it from the polymerization-proficient GTP form into an inactive GDP form. MipZ was indeed found to increase the basal turnover rate of FtsZ (k cat = 5.2 min À1 ) in a concentration-dependent manner ( Figure 7D ). This effect was strictly dependent on ATP, since FtsZ-mediated GTP hydrolysis was only marginally influenced by MipZ in the absence of the nucleotide ( Figure 7E ). The ATPase-deficient MipZ D42A protein showed the same overall behavior as the wild-type protein ( Figure 7F ), indicating that ATP binding but not hydrolysis is necessary to establish the GTPase-activating activity of MipZ. In agreement with this, the nonhydrolyzable ATP analog ATPgS had the same stimulatory effect on MipZ as authentic ATP ( Figure 7F ). A comparison with the data from the electron microscopic analyses (see Figure 7C) shows that curved FtsZ filaments are already induced by MipZ concentrations that only moderately affect the GTPase activity of FtsZ. Structural changes induced by MipZ binding and the MipZ-mediated stimulation of GTP hydrolysis might therefore cooperate in impairing FtsZ assembly.
DISCUSSION
In this study, we identified an ATPase, MipZ, that synchronizes formation of the cytokinetic FtsZ ring with segregation of the newly replicated chromosomal origin regions, thereby providing a new mechanism to coordinate chromosome dynamics with cytokinesis. MipZ is conserved in all a proteobacteria lacking MinCD orthologs and shares several features with ParA-like DNA partitioning proteins, most notably its ability to interact with ParB. On the other hand, MipZ inhibits FtsZ polymerization and thus performs an activity similar to that of the MinCD cell division inhibitor complex (Hu et al., 1999) . However, although MipZ is distantly related to MinD, the underlying mechanisms are different: MipZ directly interacts with FtsZ, thereby stimulating its GTPase activity and inducing the formation of short, arc-like structures. MinD, by contrast, acts solely as a localization factor for the inhibitor MinC, which in turn prevents FtsZ assembly without affecting GTP turnover or inducing curved polymers (Hu et al., 1999) . Thus, MipZ most likely originated from a ParA-type DNA partitioning protein that later adopted a cell division regulatory function.
Formation of the MipZ Gradient
In Caulobacter, the chromosome partitioning protein ParB interacts with a cluster of parS sites close to the origin of replication. MipZ specifically binds to these complexes and is consequently sequestered in the subcellular region occupied by the origin region. However, we found that the protein did not assemble into tight foci but formed a gradient, with its level peaking at the position of the replication origins and decreasing toward midcell. This pattern was abolished by a mutation that impaired ATP hydrolysis, indicating that MipZ positioning is a dynamic process regulated by the transition between different nucleotide states. The function of ParB is likely to go beyond serving as a foothold for MipZ on the origin regions. In analogy to other systems (Easter and Gober, 2002) , ParB might be actively involved in regulating the ATPase cycle of MipZ and thereby govern the dynamics of its localization. The exact mechanism generating the intracellular MipZ gradient remains to be clarified. It is, however, conceivable that MipZ assembles into dynamic polymers that originate at the ParB complexes and extend toward midcell, reminiscent of the situation seen for other ParA homologs (Barillà et al., 2005; Leonard et al., 2005; Lim et al., 2005) .
Interaction of MipZ with FtsZ
MipZ strikingly changes the normal polymerization pattern of FtsZ, converting the characteristic straight protofilament bundles into isolated, arc-like structures. It might, therefore, act by altering the conformation of FtsZ filaments such as to prevent their assembly into higher-order macromolecular complexes. Quantitation of the MipZ and FtsZ concentrations showed that both proteins are present at about 1000 copies per cell on average ( Figure S10 ). In accordance with this, incubation of FtsZGTP with an equimolar amount of MipZ was sufficient to generate curved filaments in vitro. We found that binding of MipZ stimulates the GTPase activity of FtsZ up to 2-fold. This change in the rate of GTP hydrolysis might lead to a shift in the equilibrium toward bent, FtsZGDP-containing polymers. Interestingly, the inhibitory activity of MipZ on FtsZ assembly was strictly dependent on the presence of ATP. Since ATPgS could substitute for ATP and a mutant form of MipZ with impaired ATPase activity showed the same activity as the wild-type protein, MipZ does not appear to disrupt FtsZ filaments actively using the free energy of ATP hydrolysis. Its ATPase activity must, therefore, serve a regulatory role, whereby only the ATP bound conformational state of the protein is able to efficiently interact with FtsZ and stimulate its disassembly. This nucleotide-dependent switch in activities agrees with the structural similarity between ParA-like ATPases and Ras-type GTPases (Leipe et al., 2002) . It might, further, explain the deleterious effect of MipZ D42A : the mutant protein is delocalized and trapped in its active, ATP bound state, thereby constitutively inhibiting Z ring formation throughout the cell. The observation of weak polar FtsZ foci upon synthesis of MipZ D42A and also overproduction of wild-type MipZ might be due to the fact that the chromosomal origin regions are localized slightly distal from the cell poles (Viollier et al., 2004) . The suggested mechanism for MipZ localization-formation of dynamic MipZ polymers that extend from the origin bound ParB complex toward midcell-might leave small areas at the very tips of the cell that exhibit a lower concentration of MipZ and thus allow FtsZ assembly to occur to some extent once the midcell is blocked.
Model for MipZ-Mediated Positioning of the FtsZ Ring
In agreement with the biochemical data, assembly of FtsZ in vivo is consistently restricted to the subcellular position that exhibits the lowest concentration of MipZ. Prior to S phase, the origin region and the associated MipZParB complex are located at the incipient stalked pole of the cell, while FtsZ is localized to the opposite pole ( Figure 8A ). After initiation of chromosome replication and duplication of the origin region, the newly synthesized sister duplexes are immediately reoccupied by ParB and MipZ, and one of the MipZParBorigin complexes is rapidly moved toward the opposite cell pole ( Figure 8B ). Once the migrating MipZParBorigin complex reaches its destination, the concentration minimum of MipZ shifts to the center of the cell, while the points of highest MipZ abundance coincide with the poles. Consequently, the polar FtsZ complex is destabilized and polymerization of FtsZ is directed toward midcell ( Figure 8C ), leading to the establishment of the characteristic Z ring ( Figure 8D ). Immediately after displacement from the pole, the FtsZ complex is still mobile and structurally flexible, suggesting that formation of a stable Z ring necessitates interaction of FtsZ with other cell division proteins whose transcription is known to be induced later in the cell cycle (Laub et al., 2000) . The fully assembled divisome is immobilized by attachment of its constituents to the cell envelope. Aberrant division plane localization at the early stages of MipZ depletion might thus mainly result from the failure to displace the polar FtsZ complex upon arrival of the newly duplicated origin region, explaining why minicell formation is largely restricted to the pole opposite the stalked pole.
Only sporadic division events are observed in strains that show defects in origin segregation and thus fail to displace FtsZ from the flagellated pole ( Figure 6D ), suggesting that assembly of a ring-like structure is a prerequisite for the formation of a functional division apparatus. MipZ is, therefore, involved in both the spatial and temporal regulation of cytokinesis, preventing both Z ring formation close to the poles and the initiation of cell division before chromosome segregation has started. It will be interesting to see if MipZ is a recent invention or rather part of an ancient system that evolved parallel to the MinCD proteins.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, Growth Conditions, and Cell Synchronization The construction of bacterial strains and plasmids, the growth conditions, and the synchronization of cells are detailed in the Supplemental Data available on the Cell website. A list of all relevant strains and plasmids is given in Tables S1 and S2.
Light and Fluorescence Microscopy
All strains were analyzed in exponential growth phase. For still images, cells were immobilized on 1% agarose-M2 salts (Ely, 1991) pads. To record timelapse series, swarmers were transferred onto 0.5 mm thick pads of freshly prepared 1% agarose in M2G medium, which were sealed with 1:1:1 mixture of paraffin, lanolin, and vaseline after application of the cover slide. If cells carrying the lacO n arrays were observed, 50 mM IPTG were included in the pad. Microscopy was performed on a Nikon Eclipse E800 microscope equipped with a Nikon Plan Apo 1003/1.40 differential interference contrast objective, a Nikon Plan Apo 1003/1.40 phase contrast objective, and a 5 MHz MicroMAX cooled CCD camera (Princeton Instruments). Images were processed with Metamorph 4.5 (Universal Imaging Group) and Adobe Photoshop 6.0. The quantitation of fluorescence signals was performed with Metamorph 4.5 using the line scan function (maximum value, line width: 8).
Purification of Proteins and Immunoblot Analysis
The purification of proteins used in this study and details on the analysis of protein levels by immunoblotting are described in the Supplemental Data. Protein concentrations were determined using the BioRad Protein Assay reagent with BSA as standard. Mobility Shift Assay A 26 bp DNA duplex (HEX-parS) that contains a parS site (Easter and Gober, 2002) and carries a fluorescent HEX label was generated by diluting oligonucleotides HEX-parS-up (HEX-5 0 -GAGGCTTGTTTCAC GTGAAACATCGG-3 0 ) and parS-lo (5 0 -CCGATGTTTCACGTGAAACA AGCCTC-3 0 ) in annealing buffer (10 mM Tris/HCl, pH 8.0, 50 mM NaCl, 1 mM EDTA) to a final concentration of 10 mM each. The mixture was heated to 94ºC for 1 min and slowly cooled to room temperature. HEX-parS (100 nM) was then incubated with the indicated proteins for 20 min at 30ºC in binding buffer (38 mM Hepes/NaOH, pH 7.2, 38 mM NaCl, 5 mM MgCl 2 , 7% glycerol, 1 mM b-mercaptoethanol). Twenty microliter samples were loaded on a nondenaturing 6% polyacrylamide gel, which was run for 5 hr at 4ºC and 10 V/cm with 13 TBE containing 5 mM MgCl 2 as running buffer. The gel was scanned with a Typhoon 8600 imager (GE Healthcare) using a 532 nm laser and a 580 nm BP30 emission filter and visualized using ImageQuant 5.2 (Molecular Dynamics).
Surface Plasmon Resonance Analysis
Biosensor experiments were performed on a Biacore 3000 system at 25ºC and a flow rate of 30 ml/min in buffer BC (50 mM Hepes/NaOH, pH 7.2, 50 mM KCl, 5 mM MgCl 2 ). Proteins were dialyzed against buffer BC before use. ParB was covalently immobilized on a Sensor Chip CM5 (Biacore) via amine coupling according to the manufacturer's recommendations. To investigate binding of MipZ to the ParBparS complex, a double-stranded oligonucleotide identical to HEX-parS (see Mobility Shift Assay) but carrying a Biotin-TEG instead of the HEX label was immobilized on a streptavidin-coated Sensor Chip SA (Biacore) following the protocol provided by the manufacturer. All data were corrected for unspecific binding by subtracting the signal measured in a control cell lacking immobilized ligand. After each binding reaction, the chip surface was regenerated by washing for 1 min with buffer BC containing 2 M NaCl. Data analysis was performed using the BIAevaluation software (Biacore).
ATPase and GTPase Assays
Nucleotide hydrolysis by MipZ and FtsZ was assayed as described in the Supplemental Data.
Pelleting Assays
Mixtures of FtsZ, MipZ, GTP, and ATP were incubated at the indicated concentrations for 15 min at 25ºC in buffer P (see Electron Microscopy). Salt and glycerol concentrations were adjusted to the same values by compensating varying protein amounts with storage buffer. The solutions were subsequently centrifuged for 15 min at 254,000 3 g and 25ºC in a Beckman TLA 100.2 rotor using a Beckman TL-100 ultracentrifuge. After immediate withdrawal of the supernatants, pelleted proteins were dissolved in 150 ml SDS sample buffer and incubated for 10 min at 96ºC. Fifteen microliters of each sample were then subjected to electrophoresis in a 10 % SDS-polyacrylamide gel. For visualization, gels were stained with Brilliant Blue R 250 and scanned with an hp scanjet 7400c (Hewlett-Packard). For quantification, proteins were stained with SYPRO Orange (Sigma). The gels were then scanned with the Typhoon 8600 imager (GE Healthcare) and analyzed in ImageQuant 5.2 (Molecular Dynamics).
Electron Microscopy
Proteins were precentrifuged for 10 min at 16,000 3 g and 4ºC. FtsZ (3 mM) was then incubated with MipZ, BSA, or ParB, and nucleotides at the indicated concentrations for 30 min at 25ºC in buffer P (50 mM Hepes/NaOH, pH 7.2, 50 mM KCl, 10 mM MgCl 2 , 1 mM b-mercaptoethanol). Subsequently, 10 ml aliquots were withdrawn and applied to glow-discharged carbon-coated grids. After 1 min, the grids were washed with two drops of distilled water, treated with 2% uranyl acetate for 1 min, and blotted to dryness. Images were taken on a JEOL TEM1230 transmission electron microscope equipped with a Gatan 967 cooled CCD camera.
Supplemental Data
Supplemental Data include eight figures, three tables, and four movies and can be found with this article online at http://www.cell.com/cgi/ content/full/126/1/147/DC1/.
